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NON*LINBAR  ANALYSIS  OP  THE  FREE  ELECTRON  LASERS  UTILIZING 
A  LINEAR  WIGGLER  FIELD 

I.  INTRODUCTION 

Free  electron  lasers  (FELs)  based  on  stimulated  scattering  from 
relativistic  electron  beans  show  great  potential  for  becoming  a  new  class 
of  efficient  devices  capable  of  generating  Intense  levels  of  coherent 
radiation.  This  class  of  FELs  is  characterised  by  a  pump  or  wlggler 
field  which  is  typically  a  spatially  periodic  magnetic  field. 

The  magnetic  wlggler  field  can  be  either  linearly  or  circularly 
polarized.  A  circularly  polarised  wlggler  is  somewhat  simpler  to  analyze 
because  the  axial  particle  velocity,  for  a  fixed  amplitude  and  period 
wlggler,  is  constant  (independent  of  axial  position).  A  linearly  polari¬ 
zed  wlggler,  on  the  other  hand,  introduces  a  spatially  oscillating  term 
in  the  axial  particle  velocity.  To  our  knowledge  previous  FEL  analyses *1-32* 
have  either  taken  the  wlggler  to  be  circularly  polarized  or  have 
neglected  the  spatially  oscillating  part  of  the  axial  particle  velocity 
with  a  linearly  polarized  wlggler. 

Many  of  the  future  FEL  experiments  will  employ  a  linearly  polarised 
magnetic  wlggler  field.  There  are  a  number  of  practical  advantages  to  this 
type  of  wlggler  as  opposed  to  a  circularly  polarised  wlggler.  These 
advantages  are:  1)  relative  simplicity  of  construction  (which  Includes 
axial  variation  of  the  amplitude  and  period  of  the  wlggler) ,  11)  somewhat 
higher  field  amplitudes  can  be  obtained  and,  ill)  it  is  easier  to  obtain  a 
linearly  polarised  radiation  source  for  amplification, 
jtommnrtpt  intimlttH  August  24, 1281. 
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II.  PHASE  COHERENCE 


In  this  paper  v«  analyze  ch«  PEL  in  the  steady  stats  amplifying 
configuration.  Our  modal  for  the  PEL  consists  of  a  one  dimensional  rela¬ 
tivistic  electron  beam  propagating  through  a  linearly  polarised  spatially 
periodic  magnetic  vlggler  field  Bw(z),  as  shown  in  Fig.  1.  The  vector 

potential  associated  with  the  linearly  polarized  magnetic  pump  is 

z 

~w(z)  *  V2)  sln  f  iz'  %  *  (1) 

o 

where  the  amplitude  Atf(z)  and  period  iv(z)  ■  2tt  /ky(z)  are  slowly  varying, 
known  functions  of  z.  The  general  temporal  steady  state  radiation  field 
and  electrostatic  (Coulomb)  field  excited  by  the  interaction  of  the  electron 
beam  and  wlggler  field  are  respectively  given  by 


A(z,t)  -  A(z)  sinl  I  k(z')dz'  -  yat 


(/ 


H- 


and 


0(z,c)  -  (^(z) 


(2a) 


(2b) 


where  A,$^,  $2*  and  k  are  assumed  to  be  slowly  varying  functions  of  z 
compared  to  the  radiation  wavelength.  Even  for  highly  efficient  FELs  the 
radiation  field  is  typically  much  less  than  the  pump  field,  i.e., 

| A |  <<  (Aj .  In  this  section  we  will  consider  some  of  the  cheracteristlcs 
of  a  FEL  with  a  linearly  polarized  magnetic  pump  field  and  take  A^,  k^  and 
k  to  be  independent  of  axial  position. 
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In  ch«  presence  of  only  the  wiggler  field  ch«  electron  velocity  in 
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•in  kwx 


co«  2  kwx  , 


(3a-c) 


wh*r*  vr>J  *  [«|Aw/(Yonoc)  in  the  magnitude  of  the  transverse  wiggle  velocity, 
vot  *  v0  *  voA/4vo  l*  th*  *v#ra*«  «1«1  velocity,  vQ  is  the  magnitude  of 
the  total  velocity,  i.e.,  yQ  •  (1  -  v*/ca)J*.  Por  the  present  it  is  suffi¬ 
cient  to  say  that  the  frequency  of  the  radiation  field  is  such  that  phase 
coherence  exists  between  the  ponderoaotive  wave  and  the  axial  particle 
motion.  That  is,  the  axial  phase  velocity  of  the  ponderoaotive  wave  and 
the  axial  particle  velocity  aust  be  aatched  so  that  an  exchange  of  energy 
between  the  particles  and  radiation  field  can  take  place.  The  phase  velocity 
of  the  ponderoaotive  wave  is  vph  •  u>/(k  +  kj .  By  taking  k  -  ui/c  and 

equating  v  to  the  average  axial  particle  velocity  v  ,  we  find  that  the 
pn  ox 

radiation  frequency  la  given  by 


w  ■  ck  ■  (1  +  B  )  Ya  v  k  ,  (4) 

o'  'so  ox  v 

where  YaQ  -  Ya/(1  +  2)  is  the  effective  axial  gaaaa  factor. 

SOJL"  vQ^c.  It  will  now  be  shown  that  the  spatially  oscillatory  part  of 
the  axial  particle  velocity,  the  second  term  of  (3c),  does  not  lead  to  phase 
Incoherence  regardless  of  the  magnitude  or  wavelength  of  the  wlggler  field. 
The  condition  for  phase  coherence  is 


(k  +  ky)  6xo#  «  it/2  , 


(5) 
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where  6s  _  »  B2  /8k  Is  the  amplitude  of  th«  axial  particla  displacement 
00  ox  “ 

associated  with  the  spatially  oscillatory  part  of  tha  axial  particla 
velocity.  Using  (4)  va  find  that 

<k  ♦  V  4*0.  <  T  ’  «> 

and  is  always  lass  than  1/2  and  typically  a  1/4.  Hance,  the  phase  coherence 
condition  in  (5)  is  always  satisfied  even  for  arbitrarily  strong  pump  fields. 
Therefore,  tha  oscillatory  part  of  the  axial  particle  velocity  in  a  linearly 
polarised  pump  can  never  result  in  phase  incoherence. 


III.  LINEAR  AMD  NON-LINEAR  THEORY 


a.  Non-Linear  Self-Consistent  Formulation 

In  this  section  we  formulate  the  1-D  non-linear  theory  of  the  FEL  for 
a  linearly  polarized  wlggler  field.  We  Include  in  our  formulation  of  the 
problem:  i)  a  spatially  varying  wlggler  amplitude  and  period,  ii)  space 

A 

charge  fields,  and  ill)  a  D.C.  accelerating  field  E  (z)  ■>  -  3<f>  / 3z  e  . 

AC  AC  Z 

The  present  formulation  is  similar  to  our  previous  treatment  of  the  circu- 

(26) 

larly  polarized  wlggler  problem.  '  We  will  show  later  that  the  applica¬ 
tions  of  the  D.C.  accelerating  field  can  modify  the  phase  of  the  particles 
resulting  in  enhanced  efficiency.  ~  This  method  is  equivalent  to 
schemes  in  which  the  pump  amplitude  and/or  period  is  varied  as  a  function 
of  z(26“28‘  31). 

The  wave  equations  for  A  and  $  are 


Ay(z,t) 


4tt 

c 


^(2,1)  t 


and 


32»(z.t) 

3z3t 


klT  J  (Z,t)  • 
Z 


(7a) 


(7b) 


The  driving  currents,  J  and  J  ,  are  given  by 

y  z 


J(z,t).  f(*,p,t)d3i  . 


(8) 


The  thermal  electron  distribution  function  can  be  expressed  in  the  following 
form 
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f(z,p,t) 


u  g  (u  ) 
zo°o  zo 

Y  (u  ) 

'o  zo 


6(z  -  z(t  ,  u  ,t)) 
o  zo 


(9) 


6(Py  -  ^y(t0*uZ0’t))6(PZ  "  P2(t0’  UZO»  c))  dtO  duzc’ 


where  nQ  is  the  uniform  particle  density  for  z  £  0,  which  is  to  the  left  of 

the  interaction  region  and  hence  outside  of  the  wiagler  field,  uzq  =  Pzc/m0'  Pzo 

is  the  axial  electron  momentum  for  z  <  0,  g  (u  )  is  the  distribution  function 

-  o  zo 

associated  with  the  initial  spread  in  axial  electron  momentum,  z^t^u  ,t) 

is  the  axial  position  at  time  t  of  the  particle  which  crossed  the  z  ■  0 

plane  at  time  t  with  axial  momentum  p  and  'p(t  ,  u  ,  t)  is  the  momentum 
o  zo  ~  o  zo 

vector  at  time  t  of  the  particle  which  crossed  the  z  *  0  plane  at  time  tQ 
with  axial  momentum  pzQ.  Substituting  (9)  into  (8)  and  carrying  out  the 
integration  over  momentum,  the  driving  current  becomes 


-|e|no  J  f 


,  .  2(V“zo-t) 

7TTT  8o(u zo >  ~ - 


ZO 


Pz^o'-zo-0 


CIO) 


6(t  -  x ( t  ,u  , z) )  dt  du  , 
O  ZO  0  zo 


where 


x(t  ,u  ,z) 

O  20 


t  + 
o 


dz' 


0  vz<to’uzo>2’) 


» 


is  the  time  it  takes  a  particle  to  travel  to  position  z  if  it  crossed  the 
z  -  0  plane  at  time  t  with  momentum  p  =  m  «  .  Note  that  v  «  p  /vm  is  the 

o  ZO  O  ZO  Z  *z  '  o 

axial  velocity  of  the  particle  with  initial  conditions  tQ,  u^. 
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Following  the  method  presented  in  Ref.  (26),  we  obtain  the  equations 
governing  the  amplitude  and  wavenumber  of  the  radiation  field  and  space 
charge  field.  Substituting  (10)  into  (7),  and  multiplying  the  electromagnetic 

wave  equation  by  Sin  (  J*Z(fcU')  da'  -  jut)  and  the  electro-static  wave  vqua- 

/a  o 

(k  ( z * )  +  k  (z ' ))  dz '  -  Jit)  and  integrating  over  one  time  period, 
w 

we  obtain  the  following  equations  for  A(z),  k(z),  <t>^(z),  and  $2(z), 


1  “b  1  /‘u»ogo(uzo) 

2  0)  J  Y0(u20) 

■JO 


r  /cos  i(»(t  ,u  ,z)  \  1 

Aw(2)\“ - /  +  A(Z)J 

L  XY(to,u2o,z)  ' 


du 


zo 


(11a) 


UZQgO^_UZO^ 

y  (u  > 

'  O  ZO 


(lib) 


.  .  ^b  c2  2noc  f  uzo8o^uzo^  {'cos  "3?(t  ,u  ,z)^  du  t  (He) 
1(2)  S  o  zo  /  zo 


u>*  s  2m  c  r  u  g  Cu  )  .  . 

*2<‘>  ‘  5r  T ir/  *!cJ,7°-  <•*•  *VW«>>  *W 


o  zo 


where  ■  (4ir|e|  2nQ/mo)”  , 
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( 


<->  -£/“.<■ 


— )  and  i£(t  ,n 

to 


-/(< k(t')  ♦  k/z')  -  J-)  a,- 

ft  * 


is  the  phase  of  the  electron  with  respect  to  the  beat  wave 
( ponder omocive  wave).  If  the  electron  beam  can  be  considered  to  have  negli¬ 
gible  spread  in  axial  momentum,  upon  entering  the  interaction  region,  we  may 
replace  8_(un_)  with  a  delta  function,  and  carry  out  the  integration 


To  complete  the  formulation  of  the  FEL  problem  we  require  an  equation 

•"*■1 

describing  the  evolution  of  the  phase  ’i/(to>u^o ,z) .  To  obtain  this  equation 
we  first  note  chat  the  y  component  of  the  particle's  canonical  momentum  is  a 
constant  of  motion.  In  terms  of  the  Lagrangian  independent  variables  a,  t 
and  uzo  the  axial  particle  momentum  is  given  by 


2 

if  *  2*'Jc4t  h  &v(z)  +  £< 

°  z 


Z,t  ■  T))‘ 


m  c 

O 

2lra~ 


•  X ) 
3z 


^  E  (z)  , 
v  ac 
z 


where  pz  ■  pz(t  ,  uoz>  t  -  T(tQ,  uqz,z))  *  Y  vz®0*  Equation  (12)  can  be  put 
Into  a  more  convenient  and  illuminating  form  by  dropping  terms  which  are  not 
synchronous  with  the  ponderomotive  wave,  using  the  well  satislfied  inequality 
| A |  <<  | Aj  and  assuming  highly  relativistic  axial  particle  velocities.  With 
these  assumptions,  together  with  the  definition  of  the  relative  phase  ip. 


equation  (12)  takes  the  form  of  a  generalized  pendulum  like  equation 


I 


2wb/c2  {  ~ 

Y  7|  V  / 


(13) 


where  y  *  (1  -  v^/c2)^.  In  obtaining  (13)  we  have  assumed  that  all  the 
particles  have  the  same  initial  axial  momentum,  i.e.,  cold  beam  limit.  The 
various  terms  affecting  the  phase  in  the  generalized  pendulum-like  equation 
can  now  be  distinguished.  The  first  three  terms  represent  the  various  effi¬ 
ciency  enhancement  methods  available  in  the  FEL.  They  include:  i)  tapering 
the  wiggler  wavelength,  ii)  tapering  the  wiggler  amplitude  and  iii)  D.C. 
accelerating  potential.  The  equivalence  of  these  schemes  is  evident.  The 
fourth  term  is  due  to  the  self-consistent  spatial  variation  of  the  radiation 
wavelength  and  can  usually  be  neglected.  The  fifth  and  sixth  terms  represent 
i)  the  ponderomotive  wave  due  to  the  ‘beating  of  the  wiggler  and  radiation 
field  and  ii)  the  ponderomotive  static  wave  due  to  the  beating  of  the  wiggler 
field  with  itself.  If  a  circularly  polarized  wiggler  field  were  chosen 
instead  of  a  linearly  polarized  wiggler,  the  sixth  term  would  not  appear. 

The  final  term  denotes  the  effects  of  space  charge  (collective)  waves  on  the 
phase.  The  application  of  a  D.C.  accelerating  potential  can  be  an  important 
method  for  enhancing  the  FEL's  efficiency.  If  instead  of  a  static  magnetic 
wiggler  field  an  electromagnetic  wiggler  is  employed  as  a  pump  source,  con¬ 
trol  of  the  wiggler  amplitude  or  wavelength  is  not  possible  in  a  simple 
way.  Application  of  a  D.C.  accelerating  field  is  the  most  straightforward 
method  for  efficiency  enhancement. 
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b. 


ential . 


Trapping  Pot 

On*  promising  approach  that  can  ba  takan  to  anhanca  afficiancy  is 

to  initially  trap  a  larqe  fraction  of  tha  particlas  in  tha  ponderoaot iva 

potential  wells  and  adiabatically  extract  kinetic  energy  from  tha  particles. 

To  trap  a  substantial  fraction  of  tha  electrons  tha  trapping  potential  must 

be  large  or  at  least  comparable  to  tha  initial  spread  in  particle  energy. 

This  implies  that  a  rather  large  anpl itude  radiation  field  must  exist  at 

the  input  to  the  interaction  region.  Using  (14)  it  can  be  shown  that  the 

2  Ay 

full  trapping  potential  is  given  by  lei#  /(>  m  c  )  ■  (— )  ■ 

trap  o  o  yQ  trap 

2^2  y  6  (A/A  ) **  where  A  is  the  radiation  vector  potential  amplitude. 

20  Ol  W 

c.  Linear  Gain. 

As  a  special  case  of  (13)  we  consider  the  low  gain,  constant 
wiggler  regime  without  space  charge  effects.  Equation  (13)  reduces  to  the 
well  known  pendulum  equation 


k  kw  -1°  ^  + 


•In  (2  k^*))  , 


(U) 


where  the  radiation  wavelength  has  also  been  taken  as  constant,  i.e., 
3k/3z  =  0.  Using  Eq.  (lib)  and  (14)  the  small  signal  gain,  i.e., 

G  =  (A(z)  -  A (0) ) /A (0)  for  a  linearly  polarized  wiggler  field  can  be 
shown  to  be  given  by 


G*  -(1/16)  *(8in  «/«)*/»«.  05) 

where  0  =  uz/2,  w  -  (k  +  kw)  -  w/v^  *  ~  “>)/<»0.t  -  %^y0c  *w-  xt  is 

worth  noting  that  the  gain  for  a  linearly  polarized  wiggler  field  is  less 


10 


l 


•* 


I 


MioM  ui  identical.  Tint  la,  ths 

(10) 


1  aiaut  gain 

(15.24-2%, 27) 


than  that  for  a  circularly  polariui  «lf|lar  by  a  factor  of  tw.  Bnoept  for 
this  factor  tha  9a in 

for  a  linearly  polarised  wiggler  tod  for  a  circularly  polarised  vifflsr 
are  identical  if  the  anplitude  of  the  latter  la  reduced  by  K2,  i.e.,  if  the 
anplitude  of  the  circularly  polarised  wilier  is  equal  to  tha  ns  value  of  the 
anplitude  of  the  linearly  polarised  wiggler. 

Tha  linear  9a in  expression  Bq.  (IS)  does  not  take  saturation  effects 
into  account.  Whan  the  frequency  nlsantch  is  snail. 


<  -4-  <  4l 

*0  *0 


(16) 


trap 


particles  are  initially  trapped,  and  the  trapped  particles  cause 
saturation  to  occur  within  a  short  interaction  length.  Thus,  the  linear 
qain  expression  Eq.  (IS)  should  be  used  with  discretion. 

In  what  follows,  the  efficiency  will  be  defined  as  the  ratio  of  the 
electroaiaqnetic  energy  flux  increase  to  the  initial  electron  kinetic  energy 


flux 


. Hv)'  *(""  Ci-:  »*)■ 


(17) 
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IV.  ILLUSTHATIVI  8EMMJE  OF  A  10nm  PKL 

Me  ik Hr  prtMnt  a  n unbar  of  illustrative  exasg>les  of  an  ftL  utilising 

a  llnaarly  polarised  magnetic  pump.  In  our  aiMplai  we  hava  choaan  a  25  NaV 

alactron  baaa  (>q  -  50) ,  alactron  baa*  particla  density  of  nQ  •  5  x  1030c*~3, 

a  magnetic  wigqler  fiald  aaplitude  of  Bq  ■  5  kG  and  wavelength  of  «  2.8  cm. 

For  thaaa  parameters,  A^  ■  2.21  x  103  stat  volta,  k^  •  2.24  cm'1 ,  0ot  - 

2.61  x  10  2,  C  *2.65  x  10  2  and  y8q  “  36.7.  Tho  radiation  wavalangth  la 

vary  naarly  10pm.  Aa  tha  input  radiation  source,  wa  choaa  a  high  powar  (X>2 

7  2 

laaar  with  a  powar  flux  of  5  x  10  W/cm  ,  A(Q)  -  0.1  atat  volta.  Using  tha 


axpraaaion  for  tha  trapping  potantial  wa  find  that,  with  tha  above  parameters, 

~  2%  energy  apread  on  tha  alactron  baaa  can  be  tolerated  and  aubatantial 

fraction  Qf  tha  alactrona  can  atill  be  trapped.  In  tha  following  axaaplaa, 

Eqa.  (lla-d)  and  (13)  are  solved  nuaarically.  Figure  2  shows  tha  efficiency, 

for  a  constant  parameter  wiggler,  as  a  function  of  axial  position  for 

-2  2 

Aw/w  -  (is  -  u  )/ui  »  -  1.25  x  10  where  ut  =  2  y_c  k  .  Tha  radiation 
0  o  o  o  z  w 

field  saturates  at  x  -  70  with  a  net  gain  of  0.4  and  efficiency  of  0.7%. 

Figure  3  shows  tha  linear  gain  as  a  function  of  frequency  mismatch,  Aw/ui  . 

o 

Tha  dotted  curve  is  the  exact  gain  curve  at  z  *  30  in  the  linear  regime 

of  tha  interaction.  The  solid  curve  is  the  gain  obtained  from  Eq.  (15) 

evaluated  at  x  *  30  t  . 

w 

In  Fig.  4  the  gain  as  a  function  of  axial  distance  is  shown  for  a 

frequency  close  to  resonance,  Aw/w  *  -7  x  10”3.  Tha  dotted  curve  is  the 

o 

exact  gain  obtained  from  tha  self-consistent  non-linaar  equations,  while 
tha  solid  curve  is  the  linear  gain  from  Eq.  (15).  Since  ■  2  x  10~2, 

trap 

tha  inequality,  Eq.  (16),  is  satisfied,  and  particles  are  initially  trapped. 


* 


region  and  saturation  effects  result  in  a  decrease  in  the  gain  as  compared 
to  the  linear  gain  expression,  the  linear  gain  expression  does  not  take 
trapping  into  account  and  therefore,  the  linear  gain  expression  in  (15) 
should  be  used  with  discretion. 

The  next  two  figures  depict  the  gain  and  efficiency  as  a  function  of 
frequency  mismatch  for  linearly  polarized  and  circularly  polarized  wiggler 
fields.  In  making  this  comparison  the  amplitude  of  the  circularly  polarized 
wiggler  is  set  equal  to  the  rms  amplitude  of  the  linearly  polarized 
wiggler, i. e. ,Bcircular  =  Biinear/^*  Also,  the  amplitude  of  the  circularly 
polarized  radiation  field  is  set  equal  to  the  rms  amplitude  of  the  linearly 
poJ  irized  radiation  field.  The  particle  equations  of  motion  for  the  two 
sets  of  field  polarization  are  identical  except  for  the  longitudinally 
oscillating  term  (sixth  term  in  Eq.  (13))  which  is  associated  with  the 
linearly  polarized  wiggler  field.  Figure  5  is  a  plot  of  gain  at  saturation 
versus  frequency  mismatch  for  both  types  of  wiggler  polarizations.  Figure  6 
shows  the  efficiency  curve  versus  frequency  mismatch  again  for  both  polari¬ 
zations  of  fields.  Figures  5  and  6  demonstrate  that  the  longitudinal  jiggle 
term  induced  in  a  linear  wiggler  can  have  8  quantitative  effect  on  the  non¬ 
linear  FEL  interaction. 

As  mentioned  earlier,  efficiency  enhancement  can  be  achieved  using  a 

number  of  schemes.  The  next  figure  shows  an  example  in  which  the  wiggler 

wavelength  i^fz)  and  amplitude  B^tz)  are  varied  in  such  a  way  that  the 

(26-28  31) 

product  iwBw  is  held  constant.  '  The  frequency  u  is  chosen  so 

that  the  ponderomotive  wave  is  exactly  resonant  with  the  particles,  i.e.. 

Aw  *  0.  If  none  of  the  various  efficiency  enhancement  schemes  were  employed, 
the  gain  would  be  zero.  In  Fig.  7,  the  tapering  of  the  wiggler  wavelength 
begins  at  the  entrance  of  the  interaction  region.  The  period  is  changed 
from  2.8  cm  at  z  *  0  to  2.66  cm  at  z  *  150  1^(0)  ■  420  cm.  The  efficiency 
at  the  end  of  the  interaction  reached  1.15%  as  shown  in  Fig.  7.  As  seen 
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fro*  this  figure  the  efficiency  can  be  auch  larger  by  extending  the  inter¬ 


action  length.  By  increasing  the  power  flux  of  the  input  002 
or  viggler  amplitude,  the  trapping  potential  can  be  increased 
■ore  rapid  rate  of  decrease  of  the  wiggler  period. 


laser  signal 
permitting  a 
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EFFICIENCY 


LINEARLY  POLARIZED  MAGNETIC 
WIGGLER  FIELD  A^z) 


INTERACTION  REGION 


Fig.  1  -  Schematic  of  the  free-electron  later  model.  The  unmodulated 
electron  beam  enters  the  interaction  region  from  the  left.  The  wiggle r 
field  builda  up  adlabatically  and  reaches  a  constant  amplitude  for  *  >  0. 


AXIAL  DISTANCE  tUJlO) 

Fig.  2  -  Efficiency  versus  normalized  axial  distance  without  efficiency 

_2 

enhancement  for  Aw/w  -  -  1.25  x  10 


t 


GAIN 


Fig.  3  -  A  comparison  of  the  gain  from  linear  gain  expression  (solid  curve), 

and  gain  from  non-linear  calculation  (dashed  curve)  as  a  function  of  frequency 

mismatch  Aw/w  at  *  -  30  2,  (0) 
o  w 
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•  1  * 


GAIN 


0  100  ISO 


AXIAL  DISTANCE  wliji O) 

Fig.  4  -  A  comparison  of  the  gain  from  linear  gain  expression  (solid  curve) 
and  gain  from  non-linear  calculation  (daahad  curve)  as  a  function  of  axial 
distance  for  a  small  frequency  mismatch  ~  x  lc”"' 

o 
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GAIN  AT  SATURATION 


Fig.  5  -  A  comparison  of  gain  at  saturation  using  a  linearly  polarized 
viggler  (dashed  curve)  and  circularly  polarized  wiggler  (solid  curve) 
versus  frequency  mismatch  -&u/ui  „ 
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